Abstract
the detector, resulting from the large flux of cosmic ray muons.
124
This manuscript describes work on two problems: (1) the track reconstruc-125 tion problem, in which, given a set of observations, the goal is to recover the 126 track of a muon; and (2) the coincident event problem, which is to determine 127 how many muons are active in the detector during a time window. Rather than (Fig. 1 ). In the lower part of the detector a section called DeepCore is more densely instrumented. The main purpose of IceCube is the detection of high energy neutrinos from astrophysical sources via the Cherenkov light of charged particles generated in neutrino interactions in the ice or the rock below the ice.
IceTop:
The IceTop air shower array is located above IceCube at a height of 2832 m above sea level, corresponding to an atmospheric depth of about 680 g/cm
2
. It consists of 162 ice Cherenkov tanks, placed at 81 stations and distributed over an area of 1 km 2 on a grid with mean spacing of 125 m (Fig. 1) . In the center of the array, three stations have been installed at intermediate positions. Together with the neighbouring stations they form an in-fill array for denser shower sampling. Each station comprises two cylindrical tanks, 10 m apart from each other, with a diameter of 1.86 m and filled with 90 cm ice. The tanks are embedded into the snow so that their top surface is level with the surrounding snow to minimize temperature variations and snow accumulation caused by wind drift. However, snow accumulation (mainly due to irregular snow surfaces) cannot be completely avoided so that the snow height has to be monitored (see ref.
[1]) and taken into account in simulation and reconstruction (currently this is still a source of non-negligible systematic uncertainties). Each tank is equipped with two 'Digital Optical Modules' (DOMs), each containing a 10 photo multiplier tube (PMT) to record the Cherenkov light of charged particles that penetrate the tank. In addition, a DOM houses complex electronic circuitry supplying signal digitisation, readout, triggering, calibration, data transfer and various control functions. The most important feature of the DOM electronics is the recording of the analog waveforms in 3.3 ns To initiate the readout of DOMs, a local coinciden the two high gain DOMs of a station is required. Th sults in a station trigger rate of about 30 Hz compa about 1600 Hz of a single high gain DOM at a thre of about 0.1 VEM. The data are written to a perm storage medium, and are thus available for analysis, readouts of six or more DOMs are launched by a loca cidence. This leads to a trigger threshold of about 30 Additionally, IceTop is always read out in case of a t issued by another detector component (and vice versa each single tank above threshold, even without a loc incidence, condensed data containing integrated charg time stamp are transmitted. These so-called SLC hits = 'soft local coincidence') are useful for detecting muons in showers where the electromagnetic comp has been absorbed (low energies, outer region of sho inclined showers). For monitoring transient events via rate variations, th of single hits in different tanks with various threshol histogrammed.
Shower reconstruction
For each triggered tank in an event, time and cha the signal are evaluated for further processing. Like maximisation methods are used to reconstruct locatio rection and size of the recorded showers. In general, times contain the direction information, and the charg tribution is connected to shower size and core location standard analysis requires five or more triggered st leading to a reconstruction threshold of about 500 Te constant efficiency is reached at about 1 PeV, depe on shower inclination. For small showers an effo launched to decrease the threshold to about 100 TeV a modified reconstruction requiring only three station standard metric for track reconstruction, we improve the accuracy in the initial 134 reconstruction direction by 13%. We also present improvements in measuring
Introduction

140
The IceCube neutrino detector searches for neutrinos that are generated by 141 the universe's most violent astrophysical events: exploding stars, gamma ray 142 bursts, and cataclysmic phenomena involving black holes and neutron stars [1] .
143
The detector, roughly one cubic kilometer in size, is located near the geographic 144 South Pole and is buried to a depth of about 2.5 km in the Antarctic ice [2] .
145
The detector is illustrated in Figure 1 , and a more complete description is given 146 in Section 2.
147
When a neutrino enters the telescope, it occasionally interacts in the ice and The reconstruction pipeline used to process data in the IceCube detector. After initial data are collected, it is then processed by some basic noise filters, which remove clear outliers. This cleaned data are processed by a basic reconstruction algorithm (solid line), which is used as the seed for the more sophisticated reconstruction algorithm (dashed line). The sophisticated reconstruction is then evaluated as a potential neutrino. The work presented in this manuscript makes changes to the basic reconstruction step (indicated by the dashed box).
Prior IceCube Software
230
The muon track reconstruction process (outlined in Figure 2 ) starts when the 231 number of detected hits exceeds a preset threshold and initiates data collection.
232
After the initial data are collected, the event then passes through a series of 
where
Linefit is an approximation primarily used to generate an initial track or seed 243 for a more sophisticated reconstruction.
244
The reconstruction algorithm for the sophisticated reconstruction is Single- 
where the Huber penalty function φ(ρ) is defined as
Here, ρ i (t 0 , x, v) is defined in Equation 2 and µ is a constant calibrated to the 295 data (on simulated muon events with an E −2 power law spectrum, the optimal 296 value of µ is 153 m).
297
The Huber penalty function has two regimes. In the near-hit regime (ρ < µ),
298
hits are assumed to be strongly correlated with the muon's track, and the Huber 299 penalty function behaves like least squares, giving these hits quadratic weight.
300
In the far-hit regime (ρ ≥ µ), hits are given linear weights, as they are more 301 likely to be noise.
302
In addition to its attractive robustness properties, the Huber fit's weight 303 assignment also has the added benefit that it inherently labels points as outliers
304
(those with ρ ≥ µ). Thus, once the Huber fit is computed, we can go one step 
Results
310
The goal is to improve the accuracy of the reconstruction in order to better is drawn from simulated neutrino data and is designed to be similar to that 319 observed by the detector.
320
We can improve the median angular resolution of the basic reconstruction 321 by 57.6%, as shown in Table 1 . Seeding SPE with the improved basic recon- 
Coincident Event Improvements
327
In the second study, we look at the problem of determining when more than 328 one muon has entered the detector. In the most common case, a single muon 329 will pass though the detector and generate an event before exiting. These events 330 are processed by the pipeline described in Figure 2 . However, for roughly 9% 331 of the events collected by the data collection algorithm, more than one muon 332 will be passing though the detector simultaneously, an occurrence known as a 333 coincident event.
334
One of the primary sources of background noise in IceCube analyses is coinci-335 dent background muons that have been erroneously reconstructed as neutrinos.
336
To see why this occurs, consider the coincident event shown in Figure 3 . There are flagged as having a local coincidence condition, which indicates that both 379 they and a neighboring PMT reported a hit. These hits have a high probability 380 of not being noise hits and, thus, exclusively using them to build the adjacency 381 matrix mitigates the problem of erroneously connecting two tracks.
382
After the proximal clustering algorithm has extracted the tracks from the 383 adjacency matrix, the hits not used in the construction of the adjacency matrix 384 are simply assigned to the closest reconstructed track. 
Results
386
There were two competing goals for coincident event detection algorithms: classify the event as a single-track or multiple-track event.
397
We ran each algorithm on two datasets of simulated data. One dataset 398 comprised single-muon events, and the other dataset comprised multiple-muon 399 events. In each dataset, we measured the classification error E, which is the 400 fraction of events that were misclassified. To get a global measurement, we 401 computed the total error E tot , defined as 402 E tot = w Single E Single + αw Multiple E Multiple . simulating the distribution of events that trigger the reconstruction algorithm.
405
We also include a factor of α in the weighting of the multiple-muon events. This 406 factor expresses that mischaracterizing a multiple-muon event as a single-muon
407
event degrades the quality of most higher-order analysis more than the reverse 408 mischaracterization. In our calculations, we use a value of α = 5.
409
We present the results for the coincident event problem by measuring how 410 well each algorithm performs at determining the number of subspaces in an 411 event.
412
There are two natural comparisons for the work: the prior software TTrigger,
413
as well as the trivial algorithm, which always classifies each event as a single-414 track event. Clearly, the latter will always get the single-track events correct,
415
and always get the multiple-track events wrong. We provide a comparison of 416 these techniques in Table 2 . As shown, the new algorithm classifies the number 417 of muons in the detector 66% better than TTrigger.
418
Conclusions
419
We found that significant improvements can be achieved in the IceCube's on- IceCube analyses.
425
We also looked at the problem of determining the number of muons in the 426 detector. We found that proximal clustering with some basic heuristics could 427 correctly determine whether an event contained a single muon or multiple muons 428 with less than 2% error, yielding a 66% improvement over the prior software.
